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Abstract 
To develop high performance chemical CO2 solvents for high-pressure CO2 capture, we have evaluated several 
tertiary amine solutions on CO2 absorption and desorption rates and CO2 loading-differences under high-pressure 
conditions, and also their CO2 absorption heats have been measured. High performance CO2 solvents, RH-1, RH-2 
series, and RH-3 series, that are regenerable under high CO2 partial pressure conditions have been developed. These 
developed CO2 solvents are able to recover CO2 under higher pressure than that of supplied CO2. RH-3c is estimated 
to reduce the total energy for CO2 capture process, including compression process, to 1.2 GJ/t-CO2. 
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1. Introduction 
CO2 separation technology has received much attention as a measure to prevent global warming, and 
there are many studies for CO2 capture and storage. The chemical absorption method utilizing amine 
solutions is well-known and one of the most important industrial methods used in CO2 capture processes. 
Thus many investigations have been undertaken on the CO2 solubility of amine solutions [1 – 7] and the 
modeling simulations of CO2 solubility mechanisms [8 – 14]. 
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High pressure gas containing high concentration of CO2, for instance, is exhausted from IGCC power 
plants [15 – 17], and amine solutions would be expected to provide high performances for CO2 capture 
under the high pressure conditions. Aqueous solution of methyldiethanolamine (MDEA) and 
polyethyleneglycol dimethylether (Selexol ®) are well known as high-pressure CO2 solvents. However, 
the CO2 separation processes with these solvents commonly include a depressurization process for 
desorption of the absorbed CO2. The depressurization process increases the total energy for a CO2 capture 
process, including a compression process, owing to the necessity to repressurize the recovered CO2 for 
transportation and storage. 
To reduce the total energy for a CO2 capture process, including a compression process, we are 
focusing attention on high performance CO2 solvents that are regenerable under high CO2 partial pressure 
conditions. We know that the solutions of tertiary amines such as MDEA have low CO2 absorption heats 
through the CO2 separation process and relatively high performances for CO2 desorption, despite 
relatively low performances for CO2 absorption. Therefore, the tertiary amines are thought to be suitable 
for high pressure conditions because high pressure enhances the CO2 absorption process, although 
primary amines such as monoethanolamine and secondary amines are unsuitable. Chowdhury et al. 
examined several tertiary amines under a low pressure condition to determine the effect of the tertiary 
amine structure on the CO2 absorption and desorption properties [18]. Under low pressure conditions, the 
CO2 absorption rates of the examined tertiary amines were relatively low. Some activators such as 
piperazine are added to the tertiary amine solutions to increase the absorption rates [3, 5], although these 
additives increase the CO2 absorption heat. Tomizaki et al. reported the high performances of cyclic 
tertiary amines for CO2 capture under a high pressure condition, that imidazole-based amines and 
hydroxyethylmorpholine show high CO2 recovery under the condition of 1.6 MPa-CO2 and very low CO2 
absorption heats [19 – 21]. 
In this study, we have evaluated several tertiary amine solutions, which are prepared in a given 
concentration in water, on CO2 absorption and desorption rates and CO2 loading-differences under high-
pressure conditions for screening the high-pressure CO2 solvents, and also their CO2 absorption heats 
have been measured under atmospheric pressure. Additionally, for the CO2 solvents showing relatively 
high CO2 separation performance in the screening tests, we have carried out optimizations of the amine 
concentrations and/or examinations for addition effects of organic media instead of part of water. For the 
developed CO2 solvents, their total energies for a CO2 capture process, including a compression process, 
have been calculated using the measured values of CO2 loading-differences and CO2 absorption heats. 
2. Experimental 
2.1. High Pressure CO2 Absorption-Desorption Test 
2.1.1. Apparatus 
A high pressure CO2 absorption-desorption apparatus (Fig. 1) was used for the screening 
measurements of tertiary amine solutions in this study. This apparatus consists of CO2 and N2 
compressed gas cylinders, CO2 and N2 mass flow controllers, a high pressure vessel to absorb and desorb 
CO2, a condenser, a back-pressure regulator, a gas flow meter, and a CO2 meter (YOKOGAWA, IR100). 
The amine solution temperature in the high pressure vessel was controlled by circulation of heating oil-
mediums adjusted to the CO2 absorption and desorption temperatures. 
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Fig. 1. High Pressure CO2 Absorption-Desorption Apparatus 
2.1.2. Measurement 
An amine solution (300 ml) was added to the high pressure vessel. N2 gas fed into the high pressure 
vessel, and the pressure in the vessel was controlled with the back pressure regulator at the absorption 
temperature of 40 °C. After the pressure reached 3.5 MPa, an amine solution was aerated with CO2/N2 
mixture (46 vol%-CO2, 3.0 l/min) and the CO2 absorption process was started under the pressure of 1.6 
MPa-CO2. Two hours after the beginning of the CO2 absorption process, the oil-medium adjusted to 
120 °C was started to circulate around the high pressure vessel as the CO2 desorption process for two 
hours. The CO2 dissolution Dc (g/l) was calculated from the CO2 concentration C (vol%) and the 
supplied gas flow rates of CO2 Fcs (l/min) and N2 Fns (l/min) according to the following equation (1). 
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2.1.3. Data Analysis 
For example of temporal change in CO2 dissolution, the result of high pressure CO2 absorption-
desorption test with MDEA solution prepared in a concentration of 3.0 mol/l in water is shown in Fig. 2. 
The CO2 absorption and desorption rates were defined as the slopes of a CO2 dissolution curve at the 
beginnings of absorption and desorption. The CO2 recovery was defined as a difference in the CO2 
dissolution between the absorption process and the desorption process. 
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Fig. 2. Example for Temporal Change in CO2 Dissolution 
2.2. High Pressure CO2 Vapor-Liquid Equilibrium Test 
2.2.1. Apparatus 
A high pressure CO2 Vapor-Liquid Equilibrium apparatus (Fig. 3) was used to obtain the CO2 
loading-difference of tertiary amine solutions between 40 °C and 120 °C under a given CO2 partial 
pressure in this study. This apparatus consists of CO2 and N2 compressed gas cylinders, CO2 and N2 
mass flow controllers, a high pressure vessel to absorb CO2 into the solutions, a condenser, a back-
pressure regulator, a gas flow meter, and a CO2 meter (YOKOGAWA, IR100). The amine solution 
temperature in the high pressure vessel was controlled electrically. 
 
 
Fig. 3. High Pressure CO2 Vapor-Liquid Equilibrium Apparatus 
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2). 
0 °C. 
2.2.2. Measurement 
An amine solution (250 ml) was added to the high pressure vessel. CO2/N2 mixture (1.0 l/min) fed 
into the high pressure vessel. The total pressure in the vessel was controlled in the range from 0.1 MPa to 
4.0 MPa with the back pressure regulator under the temperatures of 40 °C and 120 °C. The CO2 partial 
pressure in the vessel depends on the total pressure and the CO2 concentration in the supplied CO2/N2 
mixture. After the CO2 concentration was stabilized, a part of the amine solution was sampled from the 
vessel. The concentrations of organic carbon Co (g/l) and inorganic carbon C i (g/l) in the sampled 
solution were analyzed with a carbon analyzer (SHIMADZU, TOC-V CSH). The CO2 saturated solubility 
Scs (mol/mol-amine) was calculated from Co (g/l) and C i (g/l) according to the following equation (
 
(2) 
 
where, Ma was the molar concentration of amine in the tested solution. 
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Co' (g/l) was the organic carbon concentration in the amine solution sampled before the test.  
2.2.3. Data Analysis 
For example of CO2 pressure-solubility relationships, the result of high pressure CO2 vapor-liquid 
equilibrium test with MDEA solution prepared in a concentration of 3.0 mol/l in water is shown in Fig. 4. 
The CO2 loading-differences were defined as the difference in the CO2 saturated solubility between 
40 °C and 12
 
Fig. 4. Example for CO2 Pressure-Solubility Relationships 
2.3. CO2 Absorption Heats Measurement 
The CO2 absorption heats of each solvent were measured with a differential reaction calorimeter 
(SETARAM, DRC Evolution) at 40 °C under 0.1 MPa-CO2. 
3. Results and Discussion 
3.1. Screening Measurements of Tertiary Amine Solutions 
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We selected some tertiary amines as candidates for a high pressure CO2 solvent, namely, amines of 
imidazole type, alkanolamine type, diamine type, ether type, and cyclic-amine type. We carried out the 
high pressure CO2 absorption-desorption tests and the CO2 absorption rate measurements as screening 
measurements of the candidate tertiary amine solutions. The solutions of the candidate amines were 
prepared in a concentration of 3.0 mol/l in water. 
Fig. 5 and 6 show the results of the CO2 absorption-desorption tests, respectively, the relationships 
between CO2 absorption rate and CO2 desorption rate and the relationships between CO2 recovery and 
CO2 absorption heat. The marks plotted in these figures indicate each result of the candidate solutions. 
An amine solution having higher absorption and desorption rates, and higher recovery, with lower CO2 
absorption heat is better as a high pressure CO2 solvent, because high recovery and low CO2 absorption 
heat reduce the energy for the CO2 capture process, and high CO2 absorption and desorption rates 
downsize CO2 capture plants. We focus on two amines cause of their unique performances. One has a 
low CO2 absorption heat, and the other has a high reaction rate with CO2. We call the former one as RH-
1 and the later one as RH-2a; the CO2 separation performances of these CO2 solvents are shown in Table 
1. These results indicate that RH-1 has a higher CO2 desorption rate and a lower CO2 absorption heat, 
and RH-2a has higher CO2 absorption and desorption rates and a higher CO2 recovery, in comparison to 
MDEA solution. Additionally, the tertiary amine used in RH-2a shows a dynamic change in the CO2 
solubility profile with changing the concentration, while that of MDEA solution shows very little change 
[22]. Thus, we have developed RH-2b by optimization of the amine concentration of RH-2a. The CO2 
separation performances of RH-2b are also shown in Table 1. RH-2b shows 2.4 times higher CO2 
absorption rate, 3.3 times higher CO2 desorption rate, and 3.0 times higher CO2 recovery with lower CO2 
absorption heat than the MDEA solution. 
 
Fig. 5. Relationships between CO2 Absorption Rate and CO2 Desorption Rate of Candidate Amine Solutions 
 Shin Yamamoto et al. /  Energy Procedia  37 ( 2013 )  505 – 517 511
 
Fig. 6. Relationships between CO2 Recovery and CO2 Absorption Heat of Candidate Amine Solutions 
Table 1. CO2 Separation Performances of RH-1, RH-2a, and RH-2b 
High Pressure 
CO2 Solvent 
CO2 Absorption Rate 
(g/l/hr) 
CO2 Desorption Rate 
(g/l/hr) 
CO2 Recovery 
(g/l) 
CO2 Absorption Heat 
(kJ/mol) 
RH-1 106 301 213 46.6 
RH-2a 204 334 123 59.9 
RH-2b 349 581 67 53.8 
MDEA solution 144 177 72 58.9 
3.2. Vapor-Liquid Equilibria 
CO2 pressure-solubility relationships at 40 °C and 120 °C were measured with a high pressure CO2 
vapor-liquid equilibrium apparatus to obtain CO2 loading-differences under a given CO2 partial pressure. 
Figures 7a, 7b and 7c show the CO2 pressure-solubility relationships of RH-2b, RH-1, and MDEA 
solution, respectively. The developed CO2 solvents, RH-2b and RH-1, show larger loading-differences 
under higher CO2 partial pressure; these results mean that the developed solvents make it possible to 
separate and capture CO2 while maintaining high partial pressure of supplied CO2. In particular, the CO2 
loading-difference of RH-2b shows approximately three times larger than that of the MDEA solution 
under the CO2 partial pressure above 1 MPa-CO2. Additionally, CO2 pressure-solubility relationships 
show that the developed solvents are able to recover CO2 under a higher pressure than that of supplied 
CO2, it is called pressurized desorption process, such as CO2 absorption under 1.6 MPa-CO2 and CO2 
desorption under 4.0 MPa-CO2. The CO2 loading-differences of these solvents are arranged in Table 2. 
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Fig. 7a. CO2 Pressure-Solubility Relationships of RH-2b 
 
Fig. 7b. CO2 Pressure-Solubility Relationships of RH-1 
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Fig. 7c. CO2 Pressure-Solubility Relationships of MDEA Solution 
Table 2. CO2 Loading-Differences of RH-1, RH-2a, and RH-2b 
CO2 Loading-Difference (mol/mol-amine) High Pressure 
CO2 Solvent 1.6 MPa - 1.6 MPa 1.6 MPa - 4.0 MPa 
RH-1 0.55 0.32 
RH-2a 1.01 0.35 
RH-2b 1.41 0.70 
MDEA solution 0.54 0.25 
3.3. Examinations for Addition Effects of Organic Media 
As a part of development of novel CO2 solvents, addition effects of some organic media to amine 
solutions were examined for improvement in the CO2 capture performances of the amine solutions. Some 
organic media were added to RH-2b instead of part of water in this study; these added organic media 
themselves had little performances for CO2 absorption and desorption. The high pressure CO2 
absorption-desorption tests and the CO2 absorption rate measurements were carried out in the same way 
as the screening measurements of tertiary amine solutions. 
Fig. 8 and 9 show the results of the CO2 absorption-desorption tests, respectively, the relationships 
between CO2 absorption rate and CO2 desorption rate and the relationships between CO2 recovery and 
CO2 absorption heat. We have found the organic media, M-a, M-b, and M-d, that make the CO2 solvents 
containing them have both of a higher CO2 recovery and a lower CO2 absorption heat than RH-2b. With 
regard to M-c, it is significant to reduce the CO2 absorption heat markedly, although the CO2 recovery 
decreases. Enhancing effects of the CO2 absorption rate are observed by addition of the organic media 
with certain functional groups, functional group 1 and 2. M-d with functional group 3 enables the CO2 
solvent containing it to have a high CO2 desorption rate, as well as a high CO2 absorption rate. We call 
RH-3a, RH-3b, RH-3c, and RH-3d, that are the solvents improved on RH-2b by adding M-a, M-b, M-c, 
and M-d, respectively. 
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Fig. 8. Relationships between CO2 Absorption Rate and CO2 Desorption Rate of Amine Solutions Containing Organic Media 
 
Fig. 9. Relationships between CO2 Recovery and CO2 Absorption Heat of Amine Solutions Containing Organic Media 
We carried out the high pressure CO2 vapor-liquid equilibrium tests for the CO2 solvents of RH-3 
series. The CO2 loading-differences of these solvents, which are obtained between 1.6 MPa-CO2 and 1.6 
MPa-CO2 and between 1.6 MPa-CO2 and 4.0 MPa-CO2, are arranged in Table 3. The CO2 solvents of 
RH-3 series are able to recover approximately two molecules of CO2 per amine molecule under a high 
pressure condition. And, it is confirmed that the RH-3 series CO2 solvents are able to recover relatively 
large amount of CO2 even in the case applied the pressurized desorption process, such as CO2 absorption 
under 1.6 MPa-CO2 and CO2 desorption under 4.0 MPa-CO2. The increase ratio in the CO2 loading-
difference from that of RH-2b is relatively high in the case between 1.6 MPa-CO2 and 4.0 MPa-CO2; this 
result means that the solvents of RH-3 series are more suitable than RH-2b as the high performance CO2 
solvents that are regenerable under high CO2 partial pressure conditions. 
Table 3. CO2 Loading-Differences of RH-3 Series CO2 Solvents 
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CO2 saturated solubility (mol/mol-amine) CO2 Loading-Difference (mol/mol-amine) 
40 °C 120 °C High Pressure CO2 Solvent 1.6 MPa 1.6 MPa 4.0 MPa 
1.6 MPa - 1.6 MPa 1.6 MPa - 4.0 MPa 
RH-3a 1.76 0.22 0.47 1.54 1.29 
RH-3b 2.11 0.12 0.36 1.99 1.76 
RH-3c 1.84 0.09 0.56 1.75 1.29 
RH-3d 2.03 0.05 0.59 1.98 1.44 
RH-2b 1.60 0.19 0.91 1.41 0.70 
4. Estimation of Total Energy 
For RH-2b, RH-2a, and RH-1, each total energies for CO2 capture including compression process was 
estimated with the CO2 loading-differences and the CO2 absorption heats, on the assumption of CO2 
absorption under 40 °C and 1.6 MPa, and CO2 desorption under 120 °C and 1.6 MPa. The total energy 
consists of “CO2 absorption heat” that is heat absorbed through the CO2 desorption reaction, “solvent 
sensible heat” that is to maintain the solvent at the desorption temperature of 120 °C, “vaporization latent 
heat” that is heat taken away through solvent vaporization, and “compression energy” that is a energy for 
compressing the recovered CO2 to the pressure of 7.2 MPa required for CO2 transportation. 
The estimated total energies for the processes with RH-2b, RH-2a, and RH-1 are shown in Figure 10, 
together with that with MDEA solution for comparison. RH-2b is estimated to reduce the total energy for 
CO2 capture including compression process to 1.9 GJ/t-CO2, which is a 19% reduction from that with the 
MDEA solution. RH-1 is also able to reduce the total energy to 2.0 GJ/t-CO2 because of its low CO2 
absorption heat. Additionally, RH-2b is able to desorb CO2 under a higher pressure than that of supplied 
CO2. An application of the pressurized desorption process to 4.0 MPa-CO2 is estimated to reduce the 
total energy for CO2 capture including compression process with RH-2b to 1.6 GJ/t-CO2, meaning a 32% 
reduction from that with the MDEA solution. 
 
Fig. 10. Estimation of Total Energies for CO2 Capture Process with RH-1, RH-2a, and RH-2b 
In the same way as with RH-2b, RH-2a, and RH-1, the total energies for CO2 capture including 
compression process with the solvents of RH-3 series were estimated with the CO2 loading-differences 
and the CO2 absorption heats, on the assumption of CO2 absorption under 40 °C and 1.6 MPa, and CO2 
desorption under 120 °C and 1.6 MPa. 
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The estimated total energies are shown in Fig. 11, together with that with RH-2b for comparison. The 
solvents of RH-3 series are estimated to further reduce the total energy for CO2 capture including 
compression process from that with RH-2b. The estimated total energy obtained with RH-3c is 1.5 GJ/t-
CO2 as the minimum, which is a 22% reduction from that with RH-2b. Additionally, the RH-3 series CO2 
solvents are also able to desorb CO2 under a higher pressure than that of supplied CO2. An application of 
the pressurized desorption process to 4.0 MPa-CO2 lead to an approximately 0.3 GJ/t-CO2 reduction in 
the total energy for CO2 capture including compression process, thus the total energies with the RH-3 
series CO2 solvents are estimated 1.2 to 1.4 GJ/t-CO2. 
 
Fig. 11. Estimation of Total Energies for CO2 Capture Process with RH-3 Series CO2 Solvents 
5. Conclusion 
High performance CO2 solvents that are regenerable under high CO2 partial pressure conditions have 
been developed. Under a high pressure condition, RH-1 has a higher desorption rate and a lower CO2 
absorption heat, and RH-2a and RH-2b have higher CO2 absorption and desorption rates and higher CO2 
loading-differences, in comparison to MDEA solution. In particular, the CO2 loading-difference of RH-
2b shows approximately three times larger than that of the MDEA solution under the CO2 partial pressure 
above 1 MPa-CO2. 
We have found that some organic media with certain functional groups make amine solutions have 
high performances for CO2 capture under high pressure conditions. The solvents of RH-3 series improved 
on RH-2b by adding the organic media show higher CO2 absorption rates, higher CO2 desorption rates, 
higher CO2 loading-differences, and/or lower CO2 absorption heats. 
These developed CO2 solvents are able to recover CO2 under a higher pressure than that of supplied 
CO2. An application of the pressurized desorption process to 4.0 MPa-CO2 is estimated to reduce the 
total energy for CO2 capture process, including compression process, with the developed CO2 solvent 
RH-3c to 1.2 GJ/t-CO2; this performance is the highest level of chemical CO2 solvents in the world to the 
best of our knowledge. 
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